Aluminum severely affects the growth of the cyanobnderium Aaabaeaa cylindrca and induces symptoms indicating phosphorus starvation. Preor post-treating the cells with high (90 micromolar) phosphorus reduces the toxicity of aluum compared to cells receiving a lower orthophosphate concentration. In this study luinum ( ng from 9 to 36 micromolar) and phosphorus concentrations were chosen so that the precipitation of insoluble AMPG never exceeded 10% of the total phosphate concentration. The uptake of 32P-phosphorus is not disturbed by aluminum either at high (100 micromolar) or low (10 micromolar) concentrations of phosphate. Also, the rapid accumulation of polyphosphate granules in cells exposed to aluminum indicates that the incorporation of phosphate is not disturbed. However, a si t decrease in the mobilization of the polyphosphates is observed, as is a lowered activity of the enzyme acid phosphatase, in aluminum treated cells. We conclude that aluminum acts on the intrcellular metabolism of phosphate, which eventually leads to phosphorus starvation rather than on its uptake in the cyanobacterium A. cyliadrica.
ABSTRACr
Aluminum severely affects the growth of the cyanobnderium Aaabaeaa cylindrca and induces symptoms indicating phosphorus starvation. Preor post-treating the cells with high (90 micromolar) phosphorus reduces the toxicity of aluum compared to cells receiving a lower orthophosphate concentration. In this study luinum ( ng from 9 to 36 micromolar) and phosphorus concentrations were chosen so that the precipitation of insoluble AMPG never exceeded 10% of the total phosphate concentration. The uptake of 32P-phosphorus is not disturbed by aluminum either at high (100 micromolar) or low (10 micromolar) concentrations of phosphate. Also, the rapid accumulation of polyphosphate granules in cells exposed to aluminum indicates that the incorporation of phosphate is not disturbed. However, a si t decrease in the mobilization of the polyphosphates is observed, as is a lowered activity of the enzyme acid phosphatase, in aluminum treated cells. We conclude that aluminum acts on the intrcellular metabolism of phosphate, which eventually leads to phosphorus starvation rather than on its uptake in the cyanobacterium A. cyliadrica.
The detrimental effects ofaluminum on organisms in acidified soils and waters are well established (6, 8) . In Swedish lakes, the aluminum toxicity is most pronounced at pH 5 to 6, i.e. the pH interval where the level of aluminum rapidly increases in water subjected to acidification (11, 24) . Negative effects of aluminum on phosphorus nutrition of plants and microorganisms have been shown in several studies. Nalewajko and Paul (16) showed that additions of aluminum (250 g L-') significantly dreased microbial phosphate uptake and photosynthesis in water samples from two Canadian lakes. Dickson (3) suggested that apart from the pure toxic effects, an increase in the aluminum concentration produces oligotrophic waters as simultaneously a precipitation of phosphorus occurs, especially in the pH interval 5 to 6 (3) .
A consequence of the lowered phosphorus availability is the extremely high phosphatase activities in organisms of aluminum rich lakes (12) . In many plants, growing on acidified soils, aluminum tolerance appears to be associated with the efficiency in usage of phosphorus or the ability to tolerate low phosphorus levels (6) . Two reactions between phosphorus and aluminum in barley seedlings have been suggested (2) . One adsorption-precipitation reaction at the cell surface or in the free space and another reaction within the cell, probably mediated by an inhibition of hexokinase.
We have earlier reported on the inhibitory effects ofaluminum on growth, photosynthesis and nitrogen fixation of the cyano-' Supported by the National Swedish Board of Environment Protection.
bacterium Anabaena cylindrica (17) . Evidence has also been presented for the rapid uptake of aluminum into cyanobacterial cells (18) and its accumulation into phosphorus rich cellular structures; polyphosphate granules and cell walls (19) . In cyanobacteria, phosphorus limitation is known to cause accumulation ofcyanophycin granules, a N-storage compartment composed of arginin-aspartate polymers (23 (10 uM) . Uptake was terminated by the addition of excess (1 mM) nonradioactive phosphate, followed by centrifugation at 15OOg for 5 min. Supernatant (2 ml) was diluted to 10 ml with redistilled H20 and the 32Pi remaining in the growth medium determined by counting the Cerenkov radiation. This centrifugation procedure was compared with the more commonly employed filtration on 0.45 Mm pore size filters (16) . Both methods gave essentially the same result. Centrifugation was chosen because of its higher reproducibility and simplicity. All samples were corrected for background radioactivity and color quenching, and calculated to 1% counting error or less (confidence limit 95%). In some experiments cells were preincubated with aluminum (36 sM) for 4 h, washed, and resuspended in fresh growth medium before 32P-phosphate uptake studies were carried out as described above. Also the precipitation of insoluble A1P04 was determined by incubating flasks without cyanobacteria for 15 min with additions of aluminum and 32Pi at appropriate concentrations.
Polyphosphate Granule Stining. Cells were harvested after appropriate incubation times with or without aluminum, washed once in distilled H20 before fixation with 3% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.2) at 4°C for 1 h. The staining procedure given by DuBois (4) was followed, using 10% Pb(N03)2 and precipitating the lead with 1% (NH4)2S. The stained cells were observed in light microscope and the frequency of polyphosphate granules calculated using the grading system of Peverly et al. (20) (10) . Such carriers could be the site for the aluminum toxicity observed. We therefore conducted 32Pi uptake studies at two different concentrations of Pi (10 and 100 AM), and adjusted the aluminum concentration to severely inhibit the growth of A. cylindrica without causing lysis of the cells. Figure 3 shows the uptake of 32Pi from 10 uM phosphate medium in presence or absence of aluminum. No effect of aluminum on the uptake could be detected. The effect of pretreating the cells with aluminum for 4 h prior to performing the uptake experiment was then examined (Fig. 4) . Again, no inhibition of the 32Pi uptake could be seen from 100 Mm (20) . As acid phosphatase (EC 3.1.3.2.) is proposed as the principal enzyme responsible for hydrolysis of the polyphosphates (4), the activity of this enzyme was assayed. Table II shows the acid phosphatase activity in A. cylindrica after incubation with aluminum for 24 and 70 h. There is a significant decrease in the activity after treatment with aluminum, e.g. a 20% decrease in activity is noted after a 24 h treatment.
DISCUSSION
It has been shown that many cyanobacteria together with other plankton organisms disappear in the pH range 5 to 6 in lakes suffering from acidification (1 1). In some cases the disappearance was closely associated with an increased aluminum concentration. Although it is difficult to relate data obtained in the laboratory to what is actually occurring under field conditions, it is obvious from this study that cyanobacteria could well suffer from aluminum toxicity at the early stages of acidification when the aluminum concentration is still rather moderate, particularly as the phosphorus concentration in most acid lakes is as low as 5 to 10 gg L`(11). The importance of the phosphorus status of A. cylindrica in this context was established in the present study. Although an increased precipitation of insoluble AlP04 at high phosphate concentrations in the medium could partly reduce the aluminum toxicity (Fig. 1) , such a precipitation could not explain the detoxification of aluminum when pre-and post-treating the cells with high phosphorus supplements (Fig. 2) . In fact cells pretreated with high phosphate concentration for 24 h grew better when exposed to aluminum than cells that had been harvested after 7 or 8 d of exponential growth in normal culture medium (compare Fig. lB and Fig. 2 ), although the growth conditions were the same during the experiments.
It has earlier been shown that the uptake ofphosphate by some cyanobacteria is facilitated by a carrier activated by Ca2+ and Mg2e (5) . As we observed a stimulation by Ca2" on the uptake of phosphate in A. cylindrica we postulated that such a carrier mediated transport could be a site for the aluminum inhibition observed. However, as no inhibitory effect of aluminum on the uptake of 32Pi in presence of Ca2" could be found either at low or at high concentrations of phosphate in the medium, such a mechanism is excluded. Phosphorus, rapidly taken up in excess ofimmediate needs (luxury consumption), is stored as polyphosphates in special granules in most cyanobacteria (10, 20) . Polyphosphates are highly charged anions and therefore strongly associate with cations. In a previous study we observed an accumulation of aluminum in polyphosphate granules of A. cylindrica (19) . In these experiments the rapid accumulation of polyphosphate granules both in control cells and in cells exposed to aluminum indicated that the uptake and incorporation of phosphate by A. cylindrica was not disturbed even after 24 h although growth was strongly affected (Fig. 5) . These results contradict the work of Nalewajko and Paul (16) . In their study on microbial samples from two Canadian lakes, aluminum depressed the phosphate uptake significantly at 50 g-L-' (18 Mm). As the major difference observed between the control and the aluminum treated cells was a reduced mobilization of polyphosphate granules, we conclude that one mechanism for the aluminum toxicity in A. cylindrica could be in the utilization of the polyphosphates which eventually leads to the phosphorus starvation that was indicated in a previous study (17) . This conclusion is sustained by the reduction in activity of acid phosphatase by aluminum (Table I ). McCain and Davies (15) showed that in phosphorus limited Agrostis plants, with an increased activity of the acid phosphatase, aluminum inhibits the activity. However, this was not observed in phosphorus sufficient plants. In contrast, Woolhouse (25) found an increased activity of the enzyme in plant roots exposed to aluminum. This was attributed to an increased membrane permeability and release of the enzyme. It may be premature to conclude from our data whether the reduced activity of acid phosphatase is the sole cause for the lowered rate of breakdown of polyphosphate granules in cells exposed to aluminum. Other explanations may be binding of aluminum to the polyphosphates making them less available for enzymatic breakdown, or a lowered activity of other enzyme(s) involved in the metabolism of phosphate of the cyanobacterial cell.
One reason for the sensitivity of the cyanobacterium A. cylindrica to aluminum could be its ability to rapidly accumulate high concentrations of aluminum into the cell (18) , or rather, the inability to prevent such an accumulation. A rapid uptake pattern by cyanobacteria has also been observed on exposure to heavy metals such as Cd, Cu, Hg, and Pb (13) . We have earlier shown that in phosphorus rich Anabaena cells aluminum is mainly found in polyphosphate granules and cell walls, a compartmentalization which possibly makes it less available. This may function as a "detoxification" mechanism and last until the onset of mobilization of the polyphosphate granules (18) . In contrast, phosphate starved cells apparently have a reduced capacity to accumulate aluminum in polyphosphate granules and cell walls (19) , although the uptake per se is independent of the phosphate concentration (18) . Thus, phosphorus starvation may lead to intracellular aluminum being free to act on enzyme(s) and membrane system and may explain the severe effects observed under such conditions. LITERATURE CITElD
